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Abstract 
    Approximately 900 nights of observations with a Rayleigh-scatter lidar at Utah State University’s 
Atmospheric Lidar Observatory (41.7°N, 111.8°W, 1.47 km above sea level), spanning the 11-year period from 
late 1993 through 2004, have been reduced to derive nighttime temperature and relative density profiles 
between 45 and 90 km.  Of these, 150 profiles that extend to 90 km or above were used in this work, which is 
based mainly on relative density data with 3-km altitude resolution and 1-hour temporal resolution. This is, we 
believe, the first comprehensive study of monochromatic gravity waves using Rayleigh-Scatter lidar 
observations extending through the entire mesosphere at mid-latitudes. The variations of relative density 
perturbations were used to identify the presence of monochromatic gravity waves. These waves have a clear 
downward phase progression (i.e., upward energy propagation) with the most prevalent vertical phase velocity 
(cz) of 0.6 ms-1 (2.2 km/hr). The most dominant vertical wavelengths (λz) are between 12 and 16 km. The 
values of Brunt-Väisälä frequency, N (rad/sec), the maximum gravity wave frequency, were calculated by using 
seasonally averaged nightly temperature and temperature derivative profiles. Using the gravity wave dispersion 
relation and the values of cz, λz, and N, other gravity wave parameters such as wave period (Tp), horizontal 
wavelength (λx), horizontal phase velocity (cx), and horizontal distance to the source region (X) were 
calculated. There appears to be a seasonal dependence in cz, Tp, λx, and X but not in λz  and cx. Values of cz 
maximized in summer whereas Tp, λx, and X maximized in winter. 
Introduction and Analysis 
Data Analysis & Results 
 
 
   Rayleigh-scatter lidar data from the Atmospheric Lidar 
Observatory (ALO) at USU’s Center for Atmospheric 
and Space Sciences are used to study atmospheric 
gravity wave (AGW) properties in the mesosphere 
(between 45 and 90 km) (Figure 1).  This region is a 
difficult part of earth’s atmosphere to observe as it is 
above the balloon accessible stratosphere and below 
airglow emissions and most radar backscatter.  In situ 
rocket observations are occasionally made, but they are 
expensive.  ALO’s lidar emits a 18-24 W beam at 532-
nm and receives the backscattered photons with a 44-cm 
Newtonian telescope. This photon beam is mechanically 
chopped, filtered in wavelength, detected with a gated 
PMT and digitally counted. While the basic vertical 
resolution is 37.5 m and temporal resolution 2 minutes, 
they become 3 km and 1 hour in the data reduction. 
Background light levels and thermionic noise are 
measured at 120–150 km and subtracted from the signal.  
The remaining component of the signal is the signal of 
interest. The observations lasted most of the night, 
typically 4–10 hours depending on the season. 
 
   Monochromatic waves appear almost every night in 
profiles of relative density fluctuations (e.g., Figure 2). 
From these fluctuations, vertical wavelength and phase 
velocity, amplitude, and period are easily determined. 
Other AGW parameters can be derived from these in 
combination with the dispersion relation: 
Brunt-Väisälä period, TB =2л/N  where N was   
calculated from the T and dT/dz, wave period, Tp =λz/cz, 
horizontal wavelength, λx =(Tp/TB)λz, horizontal phase 
velocity, cx =λz/TB, and horizontal distance to the source 
region, X =(λx/λz)z. 
 
   
Figure 2. Relative density perturbation profiles. Each 1-
hour profile is offset by 10%. Red lines are the 
measurement uncertainties. Black diagonal 
lines are the linear fit to the minima. 
Vertical wavelength (km) 
Figure 1. A depiction of Earth’s atmosphere. 
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II. Seasonal variation in AGW parameters 
(a) (b) 
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(f) 
Rayleigh lidar observations at ALO of relative molecular density perturbations in the 45–90 km height range clearly show the presence of monochromatic 
gravity waves on almost all nights. However, they are more clearly identifiable below 80 km than above. The vertical wavelengths and phase velocities are 
readily apparent, showing a clear downward phase progression corresponding to upward energy propagation. There is a strong seasonal dependence in cz 
(with a summer maximum), but not in λz. As a result of cz dependence, a clear seasonal variation appears in Tp, λx, and X (with winter maxima). A weak 
seasonal dependence appears in cx because of the seasonal dependence in TB. These gravity waves are generated far from ALO, between ~1×103 km and 
~1.2×104 km for those that reach 45 km altitude. To exist between 45 and 90 km and to last for the whole night, the source region is very extended in 
distance and time. In addition, as exemplified in Figure 2, the waves grow in amplitude with altitude. 
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Figure 5. Seasonal variation in Brunt-
Väisälä periods. 
Brunt-Väisälä period (minutes) 
Figure 4. Seasonal variation in 
(a) Vertical wavelength , (b) 
Vertical phase velocity, (c) 
Period, (d) Horizontal 
wavelength (e) Horizontal 
phase velocity, (f) Horizontal 
distance to the source region. 
III. Frequency distribution of AGW parameters 
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I. Nights and hours used 
for this analysis: 1993-2004 
Months 
Figure 3. Distribution of nights and hours 
used for each month. 
Figure 6. Distribution of vertical wavelengths. 
The most prevalent values are 
between 12 & 16 km. 
To
ta
l c
ou
nt
s 
To
ta
l c
ou
nt
s (
%
) 
To
ta
l c
ou
nt
s 
To
ta
l c
ou
nt
s (
%
) 
To
ta
l c
ou
nt
s (
%
) 
To
ta
l c
ou
nt
s 
To
ta
l c
ou
nt
s 
To
ta
l c
ou
nt
s (
%
) 
To
ta
l c
ou
nt
s 
To
ta
l c
ou
nt
s (
%
) 
To
ta
l c
ou
nt
s 
To
ta
l c
ou
nt
s (
%
) 
To
ta
l c
ou
nt
s 
To
ta
l c
ou
nt
s (
%
) 
To
ta
l c
ou
nt
s 
To
ta
l c
ou
nt
s (
%
) 
Figure 7. Distribution of vertical phase 
velocities. The most prevalent value 
is 1.5 km/hr. 
Figure 8. Distribution of vertical phase 
velocities. The most prevalent value is 
2.1 km/hr. 
Figure 9. Distribution of wave periods. 
The most prevalent values 
between 6 & 8 hours. 
Figure 10. Distribution of wave 
periods The most 
prevalent values between 
4 & 6 hours. 
Figure 11. Distribution of horizontal phase velocity. 
The most prevalent values between 115 & 
125 km/hr. 
Figure 12. Distribution of horizontal 
wavelength. The most prevalent values 
between 550-950 km/hr. 
Figure 13. Distribution of source 
distance. The most prevalent 
values between 2500 & 3500 
km at 45 km altitude. 
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